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Motivation and the Global Challenge!

• “Feeding the world while 
cooling the planet” is a global 
challenge because agriculture 
contributes up to 35% of global 
greenhouse gas emissions, is a 
leading cause of biodiversity 
loss and water pollution, yet 
805 million people continue to 
face hunger and malnutrition. 

Although Earth has undergone many 
periods of significant environmen-
tal change, the planet’s environment 

has been unusually stable for the past 10,000 
years1–3. This period of stability — known to 
geologists as the Holocene — has seen human 
civilizations arise, develop and thrive. Such 
stability may now be under threat. Since the 
Industrial Revolution, a new era has arisen, 
the Anthropocene4, in which human actions 
have become the main driver of global envi-
ronmental change5. This could see human 
activities push the Earth system outside the 
stable environmental state of the Holocene, 
with consequences that are detrimental or 
even catastrophic for large parts of the world.

During the Holocene, environmental 
change occurred naturally and Earth’s regu-
latory capacity maintained the conditions 
that enabled human development. Regular 
temperatures, freshwater availability and 
biogeochemical flows all stayed within a rela-
tively narrow range. Now, largely because of 
a rapidly growing reliance on fossil fuels and 

industrialized forms of agriculture, human 
activities have reached a level that could dam-
age the systems that keep Earth in the desirable 
Holocene state. The result could be irrevers-
ible and, in some cases, abrupt environmental 
change, leading to a state less conducive to 
human development6. Without pressure from 
humans, the Holocene is expected to continue 
for at least several thousands of years7.

Planetary boundaries
To meet the challenge of maintaining the 
Holocene state, we propose a framework 
based on ‘planetary boundaries’. These 

A safe operating space for humanity
Identifying and quantifying planetary boundaries that must not be transgressed could help prevent human 
activities from causing unacceptable environmental change, argue Johan RockstrÖm and colleagues.

Figure 1 | Beyond the boundary. The inner green shading represents the proposed safe operating 
space for nine planetary systems. The red wedges represent an estimate of the current position for 
each variable. The boundaries in three systems (rate of biodiversity loss, climate change and human 
interference with the nitrogen cycle), have already been exceeded.
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SUMMARY
● New approach proposed for defining preconditions for human 
 development
● Crossing certain biophysical thresholds could have disastrous 
 consequences for humanity
● Three of nine interlinked planetary boundaries have already been 
 overstepped

boundaries define the safe operating space 
for humanity with respect to the Earth system 
and are associated with the planet’s bio-
physical subsystems or processes. Although 
Earth’s complex systems sometimes respond 
smoothly to changing pressures, it seems that 
this will prove to be the exception rather than 
the rule. Many subsystems of Earth react in 
a nonlinear, often abrupt, way, and are par-
ticularly sensitive around threshold levels of 
certain key variables. If these thresholds are 
crossed, then important subsystems, such as a 
monsoon system, could shift into a new state, 
often with deleterious or potentially even 
disastrous consequences for humans8,9. 

Most of these thresholds can be defined by 
a critical value for one or more control vari-
ables, such as carbon dioxide concentration. 
Not all processes or subsystems on Earth have 
well-defined thresholds, although human 
actions that undermine the resilience of such 
processes or subsystems — for example, land 
and water degradation — can increase the risk 
that thresholds will also be crossed in other 
processes, such as the climate system.

We have tried to identify the Earth-system 
processes and associated thresholds which, if 
crossed, could generate unacceptable envi-
ronmental change. We have found nine such 
processes for which we believe it is neces-
sary to define planetary boundaries: climate 
change; rate of biodiversity loss (terrestrial 
and marine); interference with the nitrogen 
and phosphorus cycles; stratospheric ozone 
depletion; ocean acidification; global fresh-
water use; change in land use; chemical pol-
lution; and atmospheric aerosol loading (see 
Fig. 1 and Table). 

In general, planetary boundaries are values 
for control variables that are either at a ‘safe’ 
distance from thresholds — for processes 
with evidence of threshold behaviour — or 
at dangerous levels — for processes without 
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tal change, the planet’s environment 

has been unusually stable for the past 10,000 
years1–3. This period of stability — known to 
geologists as the Holocene — has seen human 
civilizations arise, develop and thrive. Such 
stability may now be under threat. Since the 
Industrial Revolution, a new era has arisen, 
the Anthropocene4, in which human actions 
have become the main driver of global envi-
ronmental change5. This could see human 
activities push the Earth system outside the 
stable environmental state of the Holocene, 
with consequences that are detrimental or 
even catastrophic for large parts of the world.
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change occurred naturally and Earth’s regu-
latory capacity maintained the conditions 
that enabled human development. Regular 
temperatures, freshwater availability and 
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Holocene state. The result could be irrevers-
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for at least several thousands of years7.
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Figure 1 | Beyond the boundary. The inner green shading represents the proposed safe operating 
space for nine planetary systems. The red wedges represent an estimate of the current position for 
each variable. The boundaries in three systems (rate of biodiversity loss, climate change and human 
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 development
● Crossing certain biophysical thresholds could have disastrous 
 consequences for humanity
● Three of nine interlinked planetary boundaries have already been 
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for humanity with respect to the Earth system 
and are associated with the planet’s bio-
physical subsystems or processes. Although 
Earth’s complex systems sometimes respond 
smoothly to changing pressures, it seems that 
this will prove to be the exception rather than 
the rule. Many subsystems of Earth react in 
a nonlinear, often abrupt, way, and are par-
ticularly sensitive around threshold levels of 
certain key variables. If these thresholds are 
crossed, then important subsystems, such as a 
monsoon system, could shift into a new state, 
often with deleterious or potentially even 
disastrous consequences for humans8,9. 

Most of these thresholds can be defined by 
a critical value for one or more control vari-
ables, such as carbon dioxide concentration. 
Not all processes or subsystems on Earth have 
well-defined thresholds, although human 
actions that undermine the resilience of such 
processes or subsystems — for example, land 
and water degradation — can increase the risk 
that thresholds will also be crossed in other 
processes, such as the climate system.

We have tried to identify the Earth-system 
processes and associated thresholds which, if 
crossed, could generate unacceptable envi-
ronmental change. We have found nine such 
processes for which we believe it is neces-
sary to define planetary boundaries: climate 
change; rate of biodiversity loss (terrestrial 
and marine); interference with the nitrogen 
and phosphorus cycles; stratospheric ozone 
depletion; ocean acidification; global fresh-
water use; change in land use; chemical pol-
lution; and atmospheric aerosol loading (see 
Fig. 1 and Table). 
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with evidence of threshold behaviour — or 
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Potential (Re-)Solutions to “Feeding the world 
while cooling the planet” Challenge!

• User inspired design and deployment 
of sustainable technologies that ensure 
provision of food for all people on the 
planet yet reduce the environmental 
impact of food on freshwater nutrients, 
greenhouse gas emissions and 
biodiversity are urgently needed for 
addressing this global challenge. 

• Examples: Precision Agriculture; 
Climate Smart Agriculture; Agro-
ecology; Permaculture; Ecological 
Design;…….

• Land Sparing Vs. Land Sharing Debate 
for Ag Lands

• Technological break-throughs in 
Artificial Intelligence (AI), real-time 
social sensing (e.g. real time social 
media feeds, personal wearables) and 
environmental sensing & monitoring 
(e.g. in situ air, water and soil sensors, 
unmanned aerial vehicles/drones, 
satellites) have opened up
unprecedented opportunities to inform 
the design of next generation AI 
augmented sustainable technologies.

• Big Brother vs. Co-Production of 
Knowledge/Action Debate!! 



Overview of Project Objectives
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 In phase four, qualitative comparative analysis (QCA) will be employed (Ragin 2009). We will 
identify attributes that are unique to the farmers in our living lab approach. For example, we have three 
types of farms (corn/soybean, dairy/beef, alfalfa/hay), two geographical regions, and farmers of three age 
groups, leading to possible 3X2X3=18 configurations. We will apply Boolean configuration system through 
QCA to compare the emergent patterns of farmer trust, farm productivity and environmental sustainability 
under these 18 configurations. 
 
Potential pitfalls and strategies to overcome them: (a) Attrition among sampled farmers and farms may 
require additional sampling. (b) Some farmers might find data collection procedures too invasive and may 
disengage from the analytical results provided through traditional or AI-IDSS approaches. (c) Giving living 
laboratory methodology, different farms may have very divergent requests, all of which may not be 
accommodated in the design of AI-IDSS. Efforts will be made to develop consensus. (d) Technologies 
deemed desirable by farmers might not be technically feasible, e.g. limited battery spans of cheap sensors 
may limit their scalability. A balance between technological innovation and feasibility will be sought. 
 

 
 
Evaluation of proposed objectives: In keeping with the living lab approach, PI (Emery) will apply the 
development evaluation as our approach to project evaluation (Patton, 2010). Developmental evaluation 
engages the project team in an ongoing learning process using data as it is collected and analyzed as well 
as the observations of project team members. This approach requires a preliminary evaluation workshop to 
identify team-generated questions that can guide the reflective processes embedded in the living lab, 
quarterly team reflections, and yearly evaluation summits. Two evaluation tools will supplement these 
processes. First, we will use a journey mapping process to detail potential solutions and their solutions as 
the team identifies specific work tasks to support the adoption and implementation of these technologies 
(Crunkilton, 2009). Second, the project evaluator will work with the team to create ongoing ripple effect 
maps related to how the project evolved and to what outcomes and impacts can be attributed to the project 
(Chazdon, et al. 2017). Data to support the ongoing learning process will include both formative ± did we 
do what we said we will do and summative data ± did our efforts lead to the change we predicted. The 
evaluation plan for the overall grant; specific formative and summative indicators are identified in Table 2. 
 Our project advisory board composed of 14 members from SD and VT has the expertise in the 
learning sciences, new markets for PA, precision Ag technology, rural development, non-profit interests 
and regulation. Multiple iterations of advisory board evaluations (yearly) over the duration of the award are 
part of this development evaluation approach. From South Dakota, following persons have agreed to serve 
on the advisory board (see letters of collaboration): Gigi Arino, Digital technology manager, Syngenta Crop 
Production LLC; Jim Ristau, Director of Sustainability, South Dakota Corn Utilization Council; Matt 
Morlock, South Dakota state coordinator for Pheasants Forever; Leif Fixen, Agriculture Strategy Manager  



Objective 2: Pilot an on-farm, sensor-driven performance-based 
payment for ecosystem services (PES) mechanism 

Experimental design considerations for minimizing 
threats to internal and external validity and leveraging 

ongoing programs
1. Suggest using APEX model for control group and 

Treatment 2 that has been developed by Stone 
Environmental and VT DEC (Farm-PREP tool)

2. For controlling additional variability in the farm 
sampling, we can only focus on early adopters of PA 
and farmers interested in adopting PA technologies but 
have not adopted PA yet. 

3. 25% attrition rate can be built into the experimental 
design, so we suggest an initial recruitment of 60 
farmers (30 per state).

4. Develop a “training for hands-on training” program to 
ensure consistent delivery of hands-on training in both 
states for treatment groups 1 and 3. 
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Methods: Objective 2 will 
involve four phases. In the first 
phase, PIs (Zia, Ricketts, Clay, 
and Gardezi) will place one-
fourth of the sampled farms (12 
farms) in SD and VT in the 
control group, in which case edge 
of the field monitoring systems 
will be deployed and information 
from hyperspectral aerial sensors 
and yield monitors (objective 1) 
will be provided to the farmers in 

the form of traditional APEX and DayCent models (Table 1). Farmers in the control group will be given 
baseline monetary incentives to participate in the experiment (control group). Another 12 sampled farms 
will be placed in treatment group 1. These farmers will be provided hands-on training to utilize both APEX 
and DayCent models as well as the new AI-IDSS for their operational and tactical decision making. This 
group will receive baseline payments only (treatment 1). Another 12 sampled farms will be placed in the 
treatment group 2. Compared with a baseline period observed in the first 12 months, farmers in this group 
will be paid performance-based payments on a sliding scale, i.e. reductions in P or N pollution compared 
with baseline period will be monetized by scaled payments and these payments will be adjusted to reward 
the farmers with low baseline nutrient pollution. Farmers in group 2 will only receive information in the 
form of traditional APEX and DayCent models (treatment 2). Treatment group 3 will constitute another 12 
sampled farms, who will be provided performance-based payments (as in the case of treatment group 2) 
and hand-on training to utilize the new AI-IDSS (treatment 3). Each group in this 2 x 2 factorial design will 
comprise of four corn/soybean, four dairy/cattle, and four alfalfa/hay farms in SD and VT. 
 PIs (McMaine, S Clay, Colby, Alvez and Ross) will be responsible for the development and 
implementation of hands-on training of the AI-IDSS. This training will be provided to farmers in treatment 
groups 1 and 3 by University Extension. As a trustworthy partner of the US farmers and ranchers for more 
than 100 years, the US Extension is in the unique position to provide functional support to farmers when it 
comes to building capacity to use the AI-IDSS. Extension advisors are trusted and credible sources of 
information and are well positioned to act as knowledge brokers or intermediaries to bridge technical 
NQRZOHGJH DQG IDUPHU¶V QHHGV (+DLJK HW DO. 201�� /HPRV HW DO. 2014). Training provided to farmers will be 
designed by an educational consultant (Dixon), who will conduct a job analysis to identify the competency 
profile of a farmer to effectively use the AI-IDSS. Job analysis is a systematic process in which detailed 
description of particular job duties, responsibilities, necessary skills and training needs of a given job are 
identified and analyzed (Morganson et al., 2009; Brannick & Levine 2002; Clifford, 1994). We will utilize 
a modified DACUM (Developing A Curriculum) which is a job-oriented task analysis process which seeks 
to answer what duties, tasks, are required to perform a particular job at a certain proficiency level. A 
DACUM workshop will be held in year 2 and will involve a trained DACUM facilitator (Consultant - 
Dixon) and a committee of project team experts and selected farmers from the job or occupational area that 
is being analyzed. In this case, the occupational area is the use of AI-IDSS. Through a process of 
brainstorming, group interaction, synergy, and consensus building, a DACUM research chart will be 
produced which consists of the duties, tasks, general knowledge skills, disposition, tools, and future trends 
for the particular job or occupation (Halasz, & Reid, 2003; Norton, 1997). Relevant tasks will be selected 
from the DACUM chart to be the basis for the age appropriate competency-based curriculum that will be 
developed for the AI-IDSS training. This novel approach to the training and retraining of farm workers will 
reap broader benefits by guiding curriculum development at undergraduate and graduate level in SDSU and 
UVM. The precision agriculture curriculum at SDSU and UVM will be updated. 
 In the third phase, PIs (Zia, Gardezi and Michael) will analyze data from the PES experiment using 
two approaches: (1) mixed effects (also known as random effects models) (Zuur et al. 2009) and (2) 
difference-in-difference technique (Zia et al. 2006, Donald and Lang 2007, Lechner 2011). These 

Sampling Design (from the proposal)

24 farms in VT and 24 farms in SD, 
totaling 48 farms to be sampled as living 
laboratories

12 farms in each of the 4 experimental 
groups

Each experimental group in this 2 x 2 
factorial design will comprise of four 
corn/soybean, four dairy/cattle, and four 
alfalfa/hay farms in SD and VT. 



Design questions for discussion and 
collaboration/synergies 
• Should performance-based incentive payments be only focused on P 

reduction in VT and N reduction in SD, or should it be cumulatively scaled 
for P, N and C reductions?
• How is PES commission considering scaling the payments?? Cumulative 

for P, N, C, Biodiversity? 
• Conjoint analysis of farmer surveys in VT and SDSU underway to compute 

farmer WTA payments (baseline set on current NRCS payments) for three 
BMPs: Buffers, Cover Crops and Reduced Tillage. Should these payments be 
similar across SD and VT?
• How is PES commission considering the measurement of P, C and N flows 

from the farms for baseline and payment periods in the PES programs? 
Model based or Data driven?? 



Revisiting (Re-)Solutions to “Feeding the 
world while cooling the planet” Challenge!

• Should Precision Ag and Climate Smart Tech be designed for 
intensive agriculture and spare more land for forest and biodiversity 
conservation? [Land sparing design]

• Can Precision Ag and Climate Smart tech be integrated with agro-
ecology/permaculture/ecological design for producing food and 
conserving P, N and C on all ag, forest and urban lands? [Land 
sharing design]

•Which features of new precision ag technologies can enhance trust
of food producers in sensor driven AI-IDSS?



• For more information: Asim.Zia@uvm.edu & Donna.Rizzo@uvm.edu

THANK YOU
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 In phase four, qualitative comparative analysis (QCA) will be employed (Ragin 2009). We will 
identify attributes that are unique to the farmers in our living lab approach. For example, we have three 
types of farms (corn/soybean, dairy/beef, alfalfa/hay), two geographical regions, and farmers of three age 
groups, leading to possible 3X2X3=18 configurations. We will apply Boolean configuration system through 
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Evaluation of proposed objectives: In keeping with the living lab approach, PI (Emery) will apply the 
development evaluation as our approach to project evaluation (Patton, 2010). Developmental evaluation 
engages the project team in an ongoing learning process using data as it is collected and analyzed as well 
as the observations of project team members. This approach requires a preliminary evaluation workshop to 
identify team-generated questions that can guide the reflective processes embedded in the living lab, 
quarterly team reflections, and yearly evaluation summits. Two evaluation tools will supplement these 
processes. First, we will use a journey mapping process to detail potential solutions and their solutions as 
the team identifies specific work tasks to support the adoption and implementation of these technologies 
(Crunkilton, 2009). Second, the project evaluator will work with the team to create ongoing ripple effect 
maps related to how the project evolved and to what outcomes and impacts can be attributed to the project 
(Chazdon, et al. 2017). Data to support the ongoing learning process will include both formative ± did we 
do what we said we will do and summative data ± did our efforts lead to the change we predicted. The 
evaluation plan for the overall grant; specific formative and summative indicators are identified in Table 2. 
 Our project advisory board composed of 14 members from SD and VT has the expertise in the 
learning sciences, new markets for PA, precision Ag technology, rural development, non-profit interests 
and regulation. Multiple iterations of advisory board evaluations (yearly) over the duration of the award are 
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